TNF-α influences the lateral dynamics of TNF receptor I in living cells  by Heidbreder, Meike et al.
Biochimica et Biophysica Acta 1823 (2012) 1984–1989
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamcrTNF-α inﬂuences the lateral dynamics of TNF receptor I in living cells
Meike Heidbreder a, Christin Zander b, Sebastian Malkusch a, Darius Widera b, Barbara Kaltschmidt b,c,
Christian Kaltschmidt b, Deepak Nair d, Daniel Choquet d, Jean-Baptiste Sibarita d,⁎, Mike Heilemann a,e,⁎⁎
a Julius-Maximilians-Universität, Department of Biotechnology & Biophysics, 97074 Würzburg, Germany
b University of Bielefeld, Faculty of Biology, Department of Cell Biology, 33615 Bielefeld, Germany
c University of Bielefeld, Faculty of Biology, Molecular Neurobiology, 33615 Bielefeld, Germany
d University of Bordeaux, Interdisciplinary Institute for Neuroscience, CNRS UMR 5297, F-33000 Bordeaux, France
e Johann Wolfgang Goethe-University, Institute of Physical and Theoretical Chemistry, 60438 Frankfurt/Main, Germany⁎ Corresponding author. Tel.: +33 5 57 57 56 06; fa
⁎⁎ Corresponding author. Tel.: +49 931 31 84643; fa
E-mail addresses: jean-baptiste.sibarita@u-bordeaux
m.heilemann@uni-wuerzburg.de (M. Heilemann).
0167-4889/$ – see front matter © 2012 Elsevier B.V. Al
doi:10.1016/j.bbamcr.2012.06.026a b s t r a c ta r t i c l e i n f oArticle history:
Received 25 November 2011
Received in revised form 31 May 2012
Accepted 19 June 2012
Available online 27 June 2012
Keywords:
TNF receptor I
Receptor multimerization
Photoactivation
Single-particle tracking
Single-molecule ﬂuorescenceInmammalian cells, inﬂammation ismainlymediated by the binding of tumor necrosis factor alpha to tumor ne-
crosis factor receptor 1. In this study, we investigated lateral dynamics of TNF-R1 before and after ligand binding
using high-density single-particle tracking in combination with photoactivated localization microscopy. Our
single-molecule data indicates the presence of tumor necrosis factor receptor 1 with different mobilities in the
plasma membrane, suggesting different molecular organizations. Cholesterol depletion led to a decrease of
slow receptor species and a strong increase in the average diffusion coefﬁcient. Moreover, as a consequence of
tumor necrosis factor-alpha treatment, themeandiffusion coefﬁcientmoderately increasedwhile its distribution
narrowed. Based on our observation, we propose a reﬁned mechanism on the structural arrangement and acti-
vation of tumor necrosis factor receptor 1 in the plasma membrane.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cellular functions can be controlled by external stimuli which induce
speciﬁc responses such as gene transcription, proliferation or apoptosis;
all of which are tightly controlled by the cell to ensure its physiological
function. Such signaling is one of themost complex cellular processes, in-
volving the reception of the signal (e.g. ligand binding to its receptor),
transductionof the signal andﬁnally the cellular response. This canbe fur-
ther inﬂuenced by events such as receptor oligomerization, internaliza-
tion or even exocytotic release. Tumor necrosis factor-alpha (TNF-α) is
one of the best-characterized mediators of inﬂammation and binds to
the transmembrane receptor TNF receptor 1 (TNF-R1) with high afﬁnity
[1,2]. TNF-α is mainly secreted by hematopoietic cells after stimulation
with bacterial lipopolysaccharides (LPS), interleukins or interferon γ [3].
TNF-R1 appears to pre-assemble on the cell surface prior to signal
initiation, hinting at trimerization and oligomerization [4], a reac-
tion that has already been observed for other members of the TNF
superfamily (e.g. Fas/CD95 and CD40 [5,6]). Crystal structures cor-
roborate a trimerization of TNF-R1 to enclose the homotrimeric li-
gand [7]. Interestingly, it has been reported that TNF-R1 might be
arranged in homodimers, which are allosterically activated underx: +33 5 57 57 16 84.
x: +49 931 31 84509.
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l rights reserved.TNF-α addition to produce large, stable receptor–ligand signaling
complexes with intracellular partners [8,9].
Through recruitment of internal adapter proteins, TNF-R1 can either
induce apoptosis by activation of Caspase-8 or survival via Nuclear
Factor-kappa B (NF-κB) (for review see [10]). Compartmentalization
seems to play an important role in this dichotomy; recruitment onto
lipid rafts and internalization on one hand and cell surface signaling
on the other hand are thought to separate the survival- and
death-pathways spatially as well as temporally [11,12]. Multimerization
events on the cell membrane might provide an additional modulation of
the transduced stimulus [6,13,14]. However, in vitro studies of receptors
by means of lipid raft extraction favor receptor aggregation without mo-
lecular interactions, creating complexes that are larger than their native
counterparts [15]. In addition to the activation of NF-κB, TNF-R1 can acti-
vate neutral sphingomyelinase via the receptor-associated protein FAN
[16] and recruitment of the polycomb-group protein EED [17].
Here, we employ photoactivated-localizationmicroscopy in combi-
nation with single-particle tracking (sptPALM) [18] to monitor cellular
responseswith sub-diffraction resolution over long time periods under
cell culture conditions. Single-molecule methods provide information
on subpopulations and can reveal heterogeneities in TNF-R1 species
of different mobility and molecular organization, the inﬂuence of li-
gand binding and interactions with membrane microdomains. We de-
scribe for the ﬁrst time the inﬂuence of lipid raft disruption and TNF-α
stimulation on lateral mobility of TNF-R1 with nanometric resolution
and extract a reﬁned hypothesis on the dynamics of TNF-R1 in living
cells.
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2.1. Plasmid vector design
The C-terminal tdEOS fusion to TNF-R1 was achieved by digesting
the pcDNA3-Flag1-td-EosFP vector (MoBiTec) using NotI and XhoI
(NEB). TNF-R1 was ampliﬁed from the pOTB7-TNFRSF1A vector
(MGC Clone Collection), using 5′-AAA AGC GGC CGC TGT CTG GCA
TGG GCC TCT CC-3′ (NotI) and 5′-TTT TCT CGA GGC CAA ATC TGA
GAA GAC TGG GC-3′ (XhoI) (Metabion). The resulting ampliﬁcate
was inserted into the tdEos vector to create TNF-R1-tdEos (see
supplemental Fig. 1). The functionality of the TNF-R1 construct was
veriﬁed through dual Luciferase reporter assay as described else-
where [19]. Cells transfected with the construct reacted comparably
to TNFα stimulation than native cells, as an induction of NF-κB is
still observed.
2.2. Cell culture and transfection
HeLa cells were grown in DMEM/F12 supplemented with 10% fetal
calf serum (Gibco) and incubated at 37 °C and 5% CO2. Fresh medium
was supplied every other day. For experiments, cells were transferred
into chamber slides (Nunc) and allowed to rest until adhesion was
re-established. Cells were transiently transfected with TNF-R1-tdEos
or tdEOS plasmid overnight, using Fugene6 (Roche) according to the
manufacturer's suggestions.
2.3. Sample preparation
To reset receptor distribution to the cell surface, cells were incu-
bated with fresh medium and incubated at 4 °C for 30 min before im-
aging. Cells were then washed twice with cold medium and imaged in
37 °C phenol and FCS-free medium. For signal-induction or lipid raft
disruption, 10 ng/ml of recombinant, soluble TNF-α (Gibco) and/or
10 mM methyl-β-cyclodextrin (Sigma) or 50 μM Nystatin (Sigma)
was added at 4 °C and washed off with cold medium twice before
imaging (see supplemental Fig. 1).
2.4. sptPALM imaging
Cells were imaged at 37 °C using a custom-built heating stage that
was mounted on an inverted microscope (IX71, Olympus) equipped
with a 60× 1.45NA PlanApo objective (Olympus), allowing acquisition
in total internal reﬂection mode or oblique illumination. A 405 nm
laser diode (Coherent) was used for photoactivation of tdEos. A
multi-line argon-krypton laser (Coherent) was used for read-out of
both the native ﬂuorescence of tdEos (excitation at 488 nm) as well
as for the photoconverted tdEos (568 nm). Typical irradiation intensi-
ties in the range of 1–5 mW (488 nm), 10–20 mW (568 nm) and
b100 μW (405 nm) were used. The irradiation intensity was kept con-
stant during acquisition. Appropriate ﬁlters (633SP, 610/75, 525/50;
Semrock) and a dichroic mirror (DCXR560; AHF) were used to separate
the ﬂuorescence signal from the excitation light. The ﬂuorescence emis-
sion of single ﬂuorophores was recorded with an electron-multiplying
CCD (EMCCD) camera (Ixon DU897, Andor) at 50 fps. Recording times
for single cells varied from 5 min to 30 min.
2.5. Single molecule segmentation and tracking
Brieﬂy, a single-cell sptPALM experiment generates a set of images
fromwhich singlemolecule localization and dynamics data are extracted.
Single molecule ﬂuorescent spots are localized in each image frame and
tracked over time using a combination of wavelet segmentation [20]
and simulated annealing algorithms [21,22]. The pointing accuracy of
the whole system, which depends on the image signal to noise ratio
[23,24], was quantiﬁed to about 25 nm. It was determined using ﬁxedsamples labeled with tdEos from which we analyzed a few tens of
2D distributions of single molecule positions belonging to long tra-
jectories (more than 30 frames) by Gaussian ﬁtting. The software
package used to visualize and quantify the data on protein localiza-
tion and dynamics is custom written as a plug-in for Metamorph
(Molecular Devices). We evaluated an average of >500 trajectories
per cell with a minimum trajectory length of 80 ms (4 frames). Stan-
dard deviations (SD)were calculated for themean diffusion coefﬁcients
(Dmean), which allowed a better comparison with the FCS data of a pre-
vious study [35]. Standard errors of themean (SEM)were calculated for
slow fraction of receptors (Dmeanb0.005 μm2/s), and two-tailed Stud-
ent's t-tests were performed to test for signiﬁcance of the results.
3. Results and discussion
3.1. sptPALM of TNF-R1-tdEos
Tracking single receptors in a membrane can provide information
on dynamics and biomolecular interaction with single-molecule reso-
lution [25]. However, classic single-particle tracking (SPT) is limited
by the small number of labeled proteins that are observed in each ex-
periment, and thus by the sparse statistics.
Recently, SPT has been combined with photoactivation–localization
microscopy (PALM) [26] to sptPALM [18]. Here, a protein of interest is
genetically fused to a ﬂuorescent protein that can be photoactivated by
irradiation with light [27,28]. Illumination is tuned such that only a
small stochastic subset of the ﬂuorescent proteins is transferred from
an inactive (dark) to an active (ﬂuorescent) state and tracked for up to
400 ms before bleaching (Fig. 1). This cycle is repeatedmany (few thou-
sands) times proﬁting from the pool of labeled biomolecules in a sample,
and so a large number of single-molecule trajectories are recorded. The
dynamics of a protein species can be monitored over long periods of
time andwith single-molecule resolution, providing information on sub-
populations and heterogeneities. The continuous targeting of membrane
receptorswithﬂuorophore-labeled ligands at sufﬁciently low concentra-
tions is a similar concept, termed universal point accumulation for imag-
ing in nanoscale topography (uPAINT) [29].
Here, we used the photoswitchable ﬂuorescent protein
tandem-Eos-FP (tdEos) whose ﬂuorescence emission can be
converted from green (516 nm) to orange (582 nm) by irradiation
with 405 nm [27]. tdEos was preferred because of its brightness and
photostability, and for the fact that the maturation of the protein is
compatible with cell culture conditions (37 °C) [30,31]. Previous
studies have shown that tdEos is well suitable for single-particle
tracking in combination with photoactivation [18]. tdEos was geneti-
cally fused to the intracellular domain of TNF-R1. The functionality of
the TNF-R1-tdEos construct was shown by luciferase activity assays
(see supplemental material).
3.2. TNF-R1-tdEos is in a dynamic equilibrium
We performed sptPALM experiments in living HeLa cells and
recorded several thousands of trajectories per cell over 5 or 30 min
(Fig. 2). From single-molecule localization data (Fig. 2B, D), trajecto-
ries of individual TNF-R1-tdEos were extracted (Fig. 2C, E). The high
density of trajectories allows generating a trajectory map, revealing
a heterogeneous occupation of the plasma membrane with TNF-R1
(Fig. 2C, E). These might be related to well-known spatial heterogene-
ities of membranes, such as raft domains or invaginations of the cell.
However, we performed the experiments at the lower surface of a set-
tled HeLa cell which is mostly ﬂat [32], and we suggest that lipid rafts
or other outer membrane domains are the source of the observed dy-
namics. A diffusion coefﬁcient was calculated for each trajectory and a
histogram of diffusion coefﬁcients was generated (Fig. 2G). The broad
distribution of diffusion coefﬁcients indicates that TNF-R1 may exist in
different self-assembled molecular complexes of different mobilities,
Fig. 1. Scheme of a sptPALM experiment to image single-molecule trajectories ofmembrane
receptors. Cells are transfected with a receptor fused to a photoswitchable ﬂuorescent
protein. A sparse subset of ﬂuorescent proteins is stochastically activated by photoconversion
and tracked at the cell membrane using TIRF illumination. The experiment can be performed
for a long duration on the same cell proﬁting from a large pool of non-activated ﬂuorescent
receptors.
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mobility. An average diffusion coefﬁcient (Dmean) of 0.14 μm2/s (SD±
0.02)was calculated for uninduced HeLa cells. The average diffusion co-
efﬁcient appeared constant over time, suggesting that the long-term
observation as such does not affect themobility of TNF-R1 in resting liv-
ing cells (Fig. 2H). Single-molecule trajectories can further be used toFig. 2. From single-molecule localization to sptPALM. (A) Transfected cells were identiﬁed
Superresolved intensity images were reconstructed from the sequential localization of ph
trajectories reveals heterogeneities on the cell surface. From the trajectories, distributions of t
diffusion coefﬁcient Dmean of TNF-R1-tdEos monitored over time (a representative data set frogenerate diffusion coefﬁcientmaps ofwhole cells (Fig. 3A–E) and reveal
heterogeneous distributions in diffusion coefﬁcients.
3.3. Cholesterol depletion induces lateral movement of TNF-R1
To investigate the association to lipid raft domains, we per-
formed sptPALM experiments in the presence and absence of
methyl-β-cyclodextrin (MCD), a drug which depletes cholesterol
from the membrane and thus disrupts lipid rafts and perturbs the
actin cytoskeleton [33,34]. In accordance with [35], we observe an
increase in the average diffusion coefﬁcient to Dmean=0.20 μm2/s
(SD±0.04) (Table 1). This observation indicates an association of
TNF-R1 with lipid rafts or other membrane microdomains which
hinder receptor mobility under native conditions. Furthermore,
the distribution of the diffusion coefﬁcients of TNF-R1 signiﬁcantly
changed compared to uninduced cells (Fig. 3F). The slow fraction of
TNF-R1 receptors (Db0.005 μm2/s) was depleted in the presence of
MCD (4.9% as compared to 14.0% under native conditions), while the
maximum of the distribution shifted to higher values (Fig. 3G). We at-
tribute the slow receptor species to aggregates or networks that are
trapped in or associated with a lipid raft, possibly pre-formed receptor
multimers as reported before [8,12,36]. Fast species might represent
single receptor molecules which are outside of lipid rafts. Note that
the distinction of TNF-R1 species of differentmobilities is only possible
because of the excellent statistics derived from high density
single-molecule tracking data, whereas other methods providing in-
formation on receptor mobility are not sensitive enough for such
small changes [37,38].
3.4. Binding of TNF-α depletes slow species of TNF-R1
The addition of TNF-α [39] led to a moderate but not signiﬁcant
increase in the average diffusion coefﬁcient Dmean to 0.16 μm2/s
(SD±0.04) (Fig. 4). However, compared to uninduced cells, a
signiﬁcant depletion of the slow receptor species (8.4% as compared
to 14.0% for native conditions) was observed, which was less than
under cholesterol depleting conditions (Fig. 4A, B). This can be
interpreted as the ligand-induced internalization of the slow andin wide ﬁeld mode by monitoring the native ﬂuorescence of unconverted tdEos. (B, D)
otoconverted single tdEos molecules from 5000 frames. (C, E) Map of single particle
rajectory durations (F) and average diffusion coefﬁcients (G) are computed. (H) Average
m a single cell is shown).
Fig. 3. TNF-R1 diffusion after cholesterol depletion. (A) TNF-R1 trajectories in the membrane of a HeLa cell color-coded for the diffusion coefﬁcient (5000 frames, 100 s). (B–E)
Heterogeneous diffusion patterns of TNF-R1. (F) Comparison of the diffusion coefﬁcient distribution of TNF-R1-tdEos in the presence (blue) and absence (grey) of MCD reveals
a depletion of the slow receptor fraction and a shift towards higher diffusion coefﬁcients (average from 10 cells). (G) The population of slow receptors (Db0.005 μm²/s) decreases
after cholesterol depletion (p valueb0.0001; error bars are standard errors of the mean (SEM)), and an overall increase in Dmean was observed. (H) Average diffusion coefﬁcient
Dmean of TNF-R1-tdEos under native conditions and after treatment with MCD monitored over time (a representative data set from a single cell each is shown). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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only a few minutes after ligand binding [11,40].
We observed again a rather steady diffusion coefﬁcient over 30 min,
which suggests that only a particular fraction of TNF-R1 is recruited,
presumably the fractionwith the slowdiffusion coefﬁcient. Ligand addi-
tion after cholesterol depletion resulted in a drastic change of Dmean to
0.24 μm2/s (SD±0.03) that seems to have an additive effect on
TNF-R1 mobility. In another experiment, we investigated the inﬂuence
of the cholesterol-sequestering polyene Nystatin. Interestingly, cells
treated with Nystatin showed a comparable change in the diffusion co-
efﬁcient of TNF-R1 as observed for ligand induction with TNF-α: the
slow fraction of receptors was depleted (8.7% for Nystatin, 8.4% for
TNF-α), while the overall Dmean did not increase signiﬁcantly in com-
parison to the native condition (0.16 μm2/s (SD±0.05) for Nystatin,
0.16 μm2/s (SD±0.04) for TNF-α—see supplemental Fig. 3). This sug-
gests that the major mechanism underlying the depletion of slow re-
ceptor fractions is indeed a result of lipid raft disruption, which
underscores their importance in TNF-R1 signaling [41,42]. The more
drastic increase of the diffusion coefﬁcient observed after MCD addition
might then in turn be attributed on further detrimental effects of MCD
on the cell, as MCD is known to negatively inﬂuence both lipid raftsTable 1
Average diffusion coefﬁcients and standard deviations derived from ﬂuorescence correla-
tion spectroscopy (FCS) experiments (taken from [35]) and this study. The sptPALM data
for each conditionwas averaged from10 cells. The signiﬁcancewas tested against the native
condition using two-tailed Student's t-test (pb0.05) (#no data on the standard deviation
available for these values in the original work [35]).
Dmean derived from
FCS (μm2/s±SD)
Dmean derived from
sptPALM (μm2/s±SD)
p value
Native 0.12±0.09 0.14±0.02
+MCD 0.16# 0.20±0.04 0.001 (**)
+TNF-α 0.11±0.08 0.16±0.03 0.089 (n.s.)
+TNF-α+MCD 0.16# 0.24±0.03 0.0001 (***)
p value signiﬁcance levels were depicted as p>0.05=not signiﬁcant (n.s.); p≤0.05=*;
p≤0.01=** and p≤0.001=*** (highly signiﬁcant).and the underlying actin cytoskeleton. A similar observation was
made for CD95/Fas, another member of the TNF superfamily, where
actin is needed for receptor internalization [43].
The average diffusion coefﬁcients derived by sptPALM are in good
accordance to previously published data using ﬂuorescence correlation
spectroscopy (FCS) [35] (Table 1). As an additional beneﬁt of sptPALM
as a single-molecule method, excellent statistics with single-molecule
resolution are provided, particularly revealing subpopulations and het-
erogeneities. As an imaging method, trajectories of whole cells can be
recorded while spatial heterogeneities can be revealed at the same
time. Recorded trajectorymaps suggest a heterogenic distribution of re-
ceptors on the cell surface, with some areas frequented more often,
which might represent receptors occupying lipid rafts.
3.5. A reﬁned model for TNF-R1
We investigated the dynamics of TNF-R1 on the cell surface of liv-
ing cells with high-density single molecule tracking experiments. Our
ﬁndings demonstrated that TNF-R1 associates with lipid rafts, proba-
bly to form pre-assembled receptor complexes with a lower mobility.
Ligand induction reduced the slow fraction of TNF-R1 immediately,
which might be a consequence of internalization of the receptor–li-
gand complexes [11] removing them from the ﬁeld of view.
An explanation of these dynamic changes (Fig. 4D, supplemental Fig.
2) must not only incorporate the presence or absence of lipid rafts, but
also the possibility of multimerization and internalization of TNF-R1 in
response to TNF-α. A resting cell shows a large fraction of nearly immo-
bile receptors (14.0%). Like other members of the TNF superfamily (e.g.
Fas), TNF-R1 contains an extracellular pre-ligand assembly domain
(PLAD), that facilitates oligomerization prior to ligand binding to enable
a fast signal transduction [4]. As TNF-R1 signals cell death by internaliza-
tion from lipid rafts, this ampliﬁes the possible signal immediately.
TNF-R1molecules in non-raft compartments, exhibiting faster dynamics,
might represent the receptor fraction responsible for survival-signaling,
which has been shown to be induced on the cell surface directly [40].
Fig. 4. TNF-R1 mobility upon activation by TNF-α. (A) Dmean distribution of TNF-R1-tdEos in the presence and absence of TNF-α under native conditions and after cholesterol depletion
reveals a depletion of the slow receptor population. A shift towards higher diffusion coefﬁcients is observed only upon MCD addition (average from 10 cells). (B) Quantiﬁcation of the
depletion of the slow receptor population (p value=0.018 for TNF-α addition and pb0.0001 for MCD+TNFα; error bars are standard errors of the mean (SEM)) (C). Average diffusion
coefﬁcient Dmean of TNF-R1-tdEos in the presence of TNF-α under native conditions and after cholesterol depletion (a representative data set from a single cell each is shown). Dmean is
rather constant over time for TNF-α addition under normal (0.16 μm2/s) and after cholesterol depletion (0.20 μm2/s). (D) A reﬁned model for TNF-R1 mobility: native cells have many
pre-formed TNF-R1 clusters associated to lipid rafts (PLADs). Lipid disruption leads to an increase of TNF-R1 mobility by the lack of recruitment into larger complexes or the absence of
sterical hindrances. TNF-α addition leads to a depletion of the slow fraction by fast internalization or the mobilization of induced receptor trimers, while TNF-α addition under lipid
disruption stops internalization and recruitment onto lipid rafts.
1988 M. Heidbreder et al. / Biochimica et Biophysica Acta 1823 (2012) 1984–1989Whether these receptors are also pre-assembled or present in mono- or
trimers cannot be deduced from this data, but the high Dmean hints at
smaller aggregations at most.
Disrupting lipid rafts with MCD or Nystatin might lead to a disas-
sociation of these pre-formed complexes and thus an overall increase
in receptor mobility. This could also shift the cellular signaling to-
wards survival via activation of NF-κB in non-raft compartments, as
the inhibition of endocytosis (via disruption of clathrin or actin or
possibly both [44]) is known to block TNF-α-induced apoptosis [45].
The addition of TNF-α depletes the slow fraction of receptors aswell,
as the pre-formed complexes might be internalized within minutes
[11,40]. Mobilization of new receptors would replace internalized
TNF-R1 molecules to secure a constant signal transduction. Thus, the
cell membrane is populated with new single receptors that do not
form nascent clusters. While the slow fraction disappears upon activa-
tion, we do not observe a signiﬁcant increase in receptor mobility.
4. Conclusions
In summary, we present a reﬁned explanation for association and
activation of TNF-R1 in the cell membrane derived from
single-molecule ﬂuorescence experiments with nanometer-spatial
resolution and extended observation times. We revealed so-far uni-
dentiﬁed sub-populations of TNF-R1 molecular aggregates and stud-
ied their presence and function under different cellular conditions.TNF-R1 was found to be present in different species of molecular orga-
nization, namely a slow species of presumably lipid raft-bound aggre-
gates and a fast species that might represent receptor trimers or
monomers. Moreover, cholesterol depletion reduced the fraction of
the slow species, indicating an association of TNF-R1 to lipid, and shifted
the diffusion coefﬁcient distribution to higher values, suggesting an
overall higher mobility. Signal initiation by TNF-α led to a smaller
reduction of the fraction of the slow species of TNF-R1, without a shift
of the diffusion coefﬁcient distribution. Based on theseﬁndings,we pro-
pose a reﬁned model for TNF-R1 association and activation, suggesting
the formation of oligomeric TNF-R1 complexes before or after ligand
binding and general association and stabilization of receptor–ligand
oligomers on lipid rafts.
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